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Abstract

Background/Objectives Folates found in natural foods are thought to protect against cancer. However, folic acid (FA), a
synthetic form of folate used in supplements and fortified foods, may increase breast cancer risk if present in unmetabolized
form (UMFA) in the circulation. This study examined the associations of serum UMFA and 5-methyltetrahydrofolate (5-
mTHF), the predominant form of circulating folate, with breast cancer risk.

Subjects/Methods We conducted a nested case-control study in a prospective cohort. In total, 553 cases of invasive breast
cancer, diagnosed before mandatory FA fortification of grain in the US in 1998, were individually-matched to 1059 controls.
Serum UMFA and 5-mTHF were measured using liquid chromatography-tandem mass spectrometry in stored serum
samples, and 5-mTHF was corrected for storage degradation.

Results Serum UMFA was not associated with breast cancer risk: the percentage of women with detectable levels of UMFA
was similar in cases and controls (18% and 20%, respectively; p = 0.46). Two tag-SNPs in the promoter region of the FA-
metabolizing gene were also not associated with risk. There was a marginally significant inverse association of 5-
mMTHF . eeq With breast cancer risk (odds ratio for the highest vs. lowest quintile = 0.69, 95% CI = 0.49 to 0.97; pyena =
0.08).

Conclusions Circulating UMFA was not associated with breast cancer risk. These results apply to countries without
mandatory FA food fortification. Studies are needed in countries with mandatory fortification, where levels of UMFA are
much higher than in our study.

Introduction deficiency may lead to alterations in DNA synthesis,
methylation, and repair, and could therefore play a role in
Folate, one of the B vitamins, represents a family of che-  carcinogenesis. Thus, it has been proposed that folate may

mically- and biologically-related compounds. Folate  protect against risk of cancer, including breast cancer [1],
though some investigators have suggested a more complex
relationship, with a protective effect against cancer initia-
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participates in the de novo synthesis of thymidylate and
purine, and thus in DNA synthesis [6].

Besides natural foods, supplements and fortified foods
are also sources of folate. Until recently, folic acid (FA), a
synthetic form of folate, was the only compound used for
supplements, and it remains the only compound used in
food fortification, because natural folates are unstable and
rapidly lose their biological activity. FA requires two
reduction reactions prior to becoming biologically active:
the enzyme dihydrofolate reductase (DHFR) reduces FA
first to dihydrofolate (DHF) and then to THF, primarily in
the liver. THF is then methylated into 5-mTHF before
entering the systemic circulation. It has been shown that the
activity of DHFR can be overwhelmed/saturated at high
intake of FA, resulting in the presence of unmetabolized FA
(UMFA) in the circulation [7-9].

Results from two prospective cohort studies raised the
question of whether high intake of FA may increase, rather
than decrease, risk of breast cancer. In the Prostate, Lung,
Colorectal, and Ovarian Cancer Screening Trial, a statisti-
cally significant 19% increase in risk of breast cancer was
observed among postmenopausal women reporting supple-
mental FA intake >400 ug/day [10]. In the Swedish Mam-
mography Cohort, a statistically significant 19% increased
risk of breast cancer was observed among multivitamin
users, compared with nonusers (RR=1.19; 95% CI=
1.04-1.37) [11]. The investigators concluded that FA could
be responsible for the observed association, although they
were unable to exclude a role from other nutrients found in
multivitamins. Though other prospective studies found
either no association between multivitamin use and breast
cancer risk or a protective effect [12], other observations
suggest that UMFA could increase cancer risk. High con-
centrations of UMFA in plasma have been found to
decrease natural killer cell cytotoxicity, an immune
response potentially promoting carcinogenesis [13, 14].
Furthermore, an increased risk of breast cancer was
observed in women with a 19-bp deletion in the DHFR
gene, which was reported to be associated with decreased
functionality of the enzyme and higher levels of UMFA
[15].

The U.S. Food and Drug Administration mandated FA
fortification of grain products starting in 1998 to prevent
neural tube birth defects [16]. As a result, intake of FA has
substantially increased in the US population [17-19]. Folate
supplementation is also mandatory or voluntary in a number
of other countries. It is therefore important to examine the
health effects of FA intake and circulating UMFA. To date,
though, no epidemiologic study has assessed whether
UMFA concentration in serum/plasma is associated with
breast cancer risk.

The purpose of this study was to prospectively examine
the association between the concentration of UMFA in
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serum and DHFR genetic variation with invasive breast
cancer risk. We also examined the association of serum 5-
mTHF, the predominant form of circulating folate, with
invasive breast cancer risk.

Subjects and methods
Study population

A description of the New York University Women’s Health
Study has been provided previously [20]. Briefly, 14,274
healthy women were enrolled at a mammography screening
clinic in New York City between 1985 and 1991. After
giving written informed consent, all women completed a
questionnaire that elicited information on medical and
reproductive history, family history of breast cancer, and
lifestyle factors, including diet and use of multivitamins.
Blood samples were collected using standardized proce-
dures, and serum was stored at —80°C. Women who
returned to the screening clinic during the enrollment period
were asked to donate additional blood samples at each of
these visits. The current study was approved by the Insti-
tutional Review Board of the New York University School
of Medicine.

Case ascertainment and control selection

Incident cases of breast cancer are identified through active
follow-up every few years using mailed questionnaires and
telephone interviews for those who do not return the mailed
questionnaire. Medical records are reviewed to confirm self-
reported cases. Active follow-up is supplemented by link-
age to state cancer registries in New York, New Jersey, and
Florida (86% of the women resided in one of these 3 states
at the latest follow-up) and the U.S. National Death Index.
A capture-recapture analysis estimated a 95% case ascer-
tainment rate in this cohort [21]. Invasive breast cancer
cases diagnosed between enrollment and December 31,
1998 (the year when FA fortification of food supply became
mandatory in the US) were eligible for this study (n = 670).
We excluded cases diagnosed after mandatory fortification
began because all of the NYUWHS blood samples were
collected prior to fortification and would thus not be
representative of the individual concentrations of UMFA
and 5-mTHF after fortification, which could affect the
participants’ subsequent risk of breast cancer. Cases were
excluded if they had any cancer prior to their breast cancer
diagnosis (n=31) or breast cancer diagnosed within
6 months after enrollment (prevalent cases, n =64). An
additional 22 cases were excluded due to low serum bal-
ance. As a result, a total of 553 cases were included in
this study.
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Two controls were selected for each case using incidence
density sampling. Matching factors included age
(6 months) and menopausal status at enrollment, race/
ethnicity, and date of enrollment/first blood donation
(£3 months). Forty-seven of the selected controls had low
serum balance and were therefore excluded. The total
number of controls was therefore 1059.

Temporal reliability study

Prior to the case-control study, we conducted a pilot study
to assess the temporal reliability of UMFA and 5-mTHF
concentrations in our population. These analytes were
measured in three yearly serum samples from 36 NYUWHS
participants (n = 108 samples) who had no diagnosis of
cancer or cardiovascular disease up to their latest date of
follow-up. Per design, two-thirds of these women had
reported using multivitamins at baseline.

Laboratory methods

UMFA and 5-mTHF serum concentrations were measured
at the Bevital laboratory (Bergen, Norway, www.bevital.no)
by liquid chromatography-tandem mass spectrometry (LC-
MS/MS) [22]. Because of the long duration of storage
(samples were stored for 21-27 years), possible degradation
of 5-mTHF needed to be considered [23]. We therefore also
measured 4-alpha-hydroxy-5-mTHF (hmTHF), which is
produced upon degradation of 5-mTHF, and used the sum
of the concentrations of hmTHF and 5-mTHF, denoted as 5-
MTHF o ected, @S an estimate of the level of 5S-mTHF in the
circulation, corrected for storage-related degradation [24].

Samples from a case and her matched controls were
analyzed in the same batch to minimize the impact of
assay variability. Laboratory personnel were blinded to
the case/control status of the samples. A total of 101
blinded quality control (QC) samples aliquoted from two
pools were inserted randomly into the 21 batches. The two
QC pools were created based on data from our temporal
reliability study: one pool (31 QC samples) was created
using serum samples with UMFA below the lower limit of
detection (LOD, 0.3 nmol/L) of the assay, and the other
(70 QC samples) using samples with UMFA levels above
the LOD. All QC samples from the below-the-LOD pool
were found to have levels below the LOD and all QC
samples from the above-the-LOD pool were found to have
levels above the LOD. For the 70 QC samples with
detectable UMFA concentrations, the intra- and inter-
batch coefficients of variation (CVs) were 4.4% and 6.4%,
respectively. The intra- and inter-batch CVs were 1.8%
and 2.3% for 5-mTHF, and 5.8% and 15.3% for hmTHF,
respectively.

Genotyping DHFR variation

Based on sample type availability, DNA was extracted from
clots, cell precipitates, or serum, using methods described in
[25]. We had intended to examine the 19-bp deletion that
had been reported to be associated with breast cancer risk in
[15]. However, we failed to genotype this deletion using the
method described in [8, 26] in a pilot study including
samples from 158 NYUWHS participants (genotyping pilot
set). Although we designed two different probe sets for RT-
PCR analysis of this deletion and used gel-based genotyp-
ing methods, we could not distinguish between hetero-
zygous and deletion genotypes. We therefore genotyped
instead two tag-SNPs (1rs844370 and rs11742668) in the
promoter region of DHFR because tag-SNPs in the DHFR
promoter region have been found to be associated with risk
of colorectal cancer [27] and childhood acute lymphoblastic
leukemia relapse [28]. We used TaqMan® assays [29, 30].
For these two SNPs, our pilot study (using the genotyping
pilot set mentioned above) showed genotype calls >99%
and concordance across DNA sample sources (serum, clots,
or cell precipitates) >97%. Similar percentages of successful
genotyping calls and duplicate concordance were observed
in the case-control analysis, where blinded QC duplicates
(9% of total samples) were interspersed throughout each
plate. Samples from a matched case-control set were gen-
otyped together on the same plate. DNA was unavailable
from 42 cases and 161 controls, leaving 511 cases and 898
controls for the genetic analysis.

Statistical analysis

We used the yearly repeat measurements from our pilot
study to assess the temporal reliability of the folate analytes.
We used the intraclass correlation coefficient (ICC) for 5-
mTHF and 5-mTHF gy eceq- The ICC and corresponding
95% confidence interval (CI) were calculated using log-
transformed values and a random-effects analysis of var-
iance model with participant as a random variable. For
UMFA, we calculated the weighted kappa statistic and
percent agreement.

Because 81% of samples had serum UMFA levels below
the assay LOD (0.3 nmol/L), UMFA was analyzed as a
categorical variable (<LOD, >LOD and < median of
samples with detectable concentrations (2.01 nmol/L), or
> median). Because 5-mTHF and 5-mTHEF, .cq Were
highly correlated (Pearson correlation coefficient = 0.99 for
both cases and controls), we only report results for 5-
MTHF orected:  S-MTHF grecea Was  log,-transformed  to
reduce departure from the normal distribution. For the
DHFR SNP analyses, CC or CT genotypes at rs11742668
were combined due to the small number of CC genotypes
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(five cases and six controls), while an additive model was
assumed for rs844370.

We used unconditional logistic regression to identify
subject characteristics (including DHFR SNPs) associated
with UMFA concentration (<LOD and =LOD), and linear
regression to identify subject characteristics associated with
5-mTHF o eceq cOncentration. These analyses were limited
to control subjects. In addition to known breast cancer risk
factors, we examined as possible predictors smoking, use of
multivitamins, dietary folate intake, and hours since last
meal. Dietary folate intake was estimated using the 70-item
dietary questionnaire completed at blood donation, which
included breakfast cereals, many of which were fortified
with FA before 1998 [31, 32]. Variables that were statisti-
cally significantly associated with UMFA and 5-
MTHF g eceq in Univariate analyses were entered in multi-
variate models to assess independent predictors of the
concentrations of these analytes.

We used conditional logistic regression to estimate odds
ratios (ORs) and 95% CIs for the association of the expo-
sures of interest (UMFA in three categories, S-mTHF g rected
concentration in quintiles and continuous (log,-trans-
formed), and DHFR genotype) with risk of breast cancer.
Likelihood ratio tests were used to assess statistical sig-
nificance. All significance testing was two-sided, and p
values < 0.05 were considered statistically significant.

We adjusted for the following breast cancer risk factors
in multivariate models: age at menarche (continuous), age at
first birth/parity (<20, 21-25, 26-30, >30 years or nulli-
parous), history of breast cancer in a first-degree relative
(mother, sister or daughter, yes/no), history of benign breast
disease (yes/no), log,-transformed body mass index (BMI),
and alcohol consumption (0, <1, 21 drink/day). For con-
tinuous variables with a small number of missing values
(age at menarche, BMI, and dietary folate), the median
observed in controls was used for imputation, while a
missing category was created for alcohol intake. There were
no missing data for the other variables. An interaction term
between BMI and menopausal status at baseline was
included to take into account the different directions of the
association of BMI with breast cancer risk in pre- and
postmenopausal women [33].

We examined the association of mTHEFE, eceq With risk
according to estrogen receptor status of the tumor and time
between blood donation and diagnosis. In addition, we
conducted analyses stratified by the following baseline
variables: age, menopausal status, education, BMI, alcohol
consumption, and smoking. We also conducted analyses
stratifying by multivitamin use, the main source of FA
before mandatory food fortification, because the potential
effect of DHFR polymorphisms is more likely to be
observed among subjects exposed to high levels of FA. In
order to avoid loss of data, analyses stratified by variables
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other than matching variables (age and menopausal status)
were conducted using unconditional logistic regression and
adjusting for the matching factors. Prior to conducting
unconditional analyses, we verified that unconditional
models with adjustment for the matching factors gave
similar results to conditional models in analyses including
all cases (Supplementary Table S1). To limit the problems
associated with small numbers, subgroup and stratified
analyses were conducted using continuous log,(5-
mTHFcorrecled) .

Results

Results from our temporal reliability study showed that a
single measure of 5-mTHF (and 5-mTHF gy eceq) Was
moderately representative of a subject’s average con-
centration over a 2-year period (ICC =0.57, 95% Cl=
0.38-0.73 for 5-mTHF and ICC =0.60, 95% Cl=
0.42-0.75 for 5-mTHF . eeq)- The weighted kappa statistic
for UMFA in three categories (<LOD, >LOD to <median,
>median) was 0.38 (95% CI=0.09-0.66) and the coeffi-
cient of concordance was 0.62.

Descriptive statistics for breast cancer cases and matched
controls are presented in Table 1. Subjects were between the
ages of 35 and 65 years at enrollment, with a median age of
52 years. The median age at diagnosis was 60 years. For
most known risk factors (younger age at menarche, nulli-
parity, older age at first full-term pregnancy, family history
of breast cancer, history of benign breast disease, and, in
postmenopausal women, overweight/obesity), the associa-
tions with breast cancer risk were in the expected direction,
although not always statistically significant. Contrary to
expectation, there was a marginally significant trend (p =
0.09) of lower alcohol consumption in cases than in con-
trols. This was largely due to the difference in the propor-
tions of non-drinkers (62% in cases vs. 56% in controls);
only 13% of cases and 14% of controls reported at least one
drink/day. The proportion of women who reported multi-
vitamin use at enrollment was similar in cases (48%) and
controls (50%). There was a suggestion (Pyeng = 0.09) that
fewer cases than controls had high dietary intake of folate.

Concentrations of the measured forms of folate in cases
and controls are presented in Table 2. Only 19% of women
had serum UMFA measures above the LOD, and the pro-
portion was similar in cases and controls (18 and 20%,
respectively; p =0.46). The median concentrations of 5-
MTHF oeceq Were slightly lower in cases than in controls
(5-mTHF gpecteq: 26.2 nmol/L, 10th—90th percentile: 13.1—
66.7, and 27.8 nmol/L, 13.0-72.7, respectively; p = 0.02).

In multivariate analysis in control subjects (data not
shown), determinants of UMFA above the LOD included
multivitamin use, dietary folate intake, and older age (p <
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Table 1 Characteristics of breast cancer cases (n = 553) and matched

controls (n = 1059).

Characteristic Case subjects Control p value®
n (%) subjects
n (%)

Age at enrollment, years Matched
35-45 163 (29.5%) 331 (31.3%)

46-54 147 (26.6%) 270 (25.5%)
55-65 243 (43.9%) 458 (43.2%)

Age at diagnosis, years
<55 212 (38.3%)

56-64 163 (29.5%)
265 178 (32.2%)

Menopausal status at Matched

enrollment
Premenopausal 271 (49.0%) 525 (49.6%)
Postmenopausal 282 (51.0%) 534 (50.4%)

Race Matched
Caucasian 427 (82.6%) 762 (79.2%)
African-American 53 (10.2%) 102 (10.6%)

Other 37 (7.2%) 98 (10.2%)
Missing 36 97

Education 0.29
Some high school or less 18 (4.1%) 56 (6.5%)
Completed high school 221 (50.9%) 445 (51.3%)
College 104 (24.0%) 176 (20.3%)
Graduate school 91 (21.0%) 190 (21.9%)
Missing 119 192

Age at menarche, years 0.22°

<12 122 (22.1%) 230 (21.8%)
12 155 (28.1%) 269 (25.6%)
13 167 (30.2%) 309 (29.3%)
>13 108 (19.6%) 245 (23.3%)
Missing 1 6

Parous 0.08
Yes 367 (66.4%) 744 (70.2%)

No 186 (33.6%) 315 (29.8%)

Age at first full-term 0.18°

pregnancy, years
<20 50 (13.6%) 110 (14.8%)
21-25 140 (38.1%) 337 (45.3%)
26-30 107 (29.2%) 195 (26.2%)
>30 70 (19.1%) 102 (13.7%)

Ever used oral 0.31

contraceptives
Yes 167 (35.2%) 349 (36.8%)

No 307 (64.8%) 599 (63.2%)
Missing 79 111
Ever used hormone 0.71

replacement therapy
Yes

107 (21.4%)

222 (22.2%)

Table 1 (continued)

Characteristic Case subjects Control p value*
n (%) subjects
n (%)
No 393 (78.6%) 778 (77.8%)
Missing 53 59
First-degree family history 0.18
of breast cancer
Yes 133 24.1%) 223 (21.1%)
No 420 (75.9%) 836 (78.9%)
History of benign breast 0.01
disease
Yes 136 (25.0%) 198 (19.0%)
No 417 (75%) 861 (81%)
Body mass index (kg/m?)
Premenopausal 0.42°
<20.0 34 (12.6%) 59 (11.3%)
20.0-24.9 147 (54.4%) 316 (60.3%)
25.0-29.9 61 (22.6%) 104 (19.8%)
>30.0 28 (104%) 45 (8.6%)
Missing 1 1
Postmenopausal 0.01°
<20.0 12 (4.3%) 28 (5.3%)
20.0-24.9 111 (39.6%) 271 (51.1%)
25.0-29.9 118 (42.1%) 165 (31.1%)
>30.0 39 (13.9%) 66 (12.5%)
Missing 2 4
Ever smoker 0.83
Yes 256 (50.9%) 516 (52.6%)
No 247 (49.1%) 465 (47.4%)
Missing 50 78
Alcohol, drinks/day 0.09°
0 287 (61.5%) 521 (55.7%)
<1 120 (25.7%) 287 (30.7%)
21 60 (12.8%) 127 (13.6%)
Missing 86 124
Multivitamin use 0.39
Yes 260 (48.1%) 520 (50.1%)
No 281 (51.9%) 517 (49.9%)
Missing 12 22
Dietary folate (ug/day) 0.09°

<148.8
148.8-204.3
204.4-276.3
276.4-365.1
>365.1
Missing

113 (21%)
113 (21%)
131 (24%)
93 (17%)
94 (17%)
9

211 (20%)
210 (20%)
210 (20%)
210 (20%)
210 (20%)
7

*From conditional logistic regression.

®p for trend.
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Table 2 Folate metabolite

. . Biomarker Case subjects (n =553) Control subjects (n = 1059) p value®
concentrations in breast cancer
case and control subjects. UMFA
n (%) above LOD 100 (18%) 207 (20%) 0.46
Median® (10th, 90th percentile) 1.86 (0.55, 15.4) 2.01 (0.62, 14.7) 0.39
5-mTHF, nmol/L 21.9 (10.3, 62.3) 23.9 (10.5, 66.5) 0.02
Median (10th, 90th percentile)
hmTHF, nmol/L 3.46 (1.39, 7.31) 3.37 (1.29, 7.58) 0.72
Median (10th, 90th percentile)
5-mTHFrecteq, NMol/L 26.2 (13.1, 66.7) 27.8 (13.0, 72.7) 0.02
Median (10th, 90th percentile)
5-mTHF 5-methyltetrahydrofolate, LOD limit of detection, UMFA unmetabolized folic acid.
“From conditional logistic regression.
For women with concentration > LOD.
Table 3 Odds ratios ar.ld 95% OR (95% CI) D send”
CIs for breast cancer risk
according to serum UMFA <0.3 nmol/L (LOD) 0.3-2.01 nmol/L >2.01 nmol/L
zggtcgiganon (553 cases, 1059 Cases/Controls, n (%) 453 (82%)/852 (80%) 51 (9%)/103 (10%) 49 (9%)/104 (10%)
’ Unadjusted model 1.00 (ref) 0.93 (0.65, 1.32) 0.88 (0.61, 1.27) 0.44
Adjusted model® 1.00 (ref) 1.04 (0.72, 1.49) 0.90 (0.62, 1.32) 0.69

“From conditional logistic regression.

Adjusted for age at menarche (continuous), age at first full-term pregnancy/parity (ordered: <20, 21-25,
26-30, >30 years or nulliparous), family history of breast cancer (yes/no), benign breast disease (yes/no),
BMI (log,), BMI-menopausal status interaction, and alcohol consumption (0, <1, 21 drink/day, missing).

0.001 for these variables) as well as lower BMI and shorter
time since last meal (0.01 <p <0.05). The same variables
were also predictors of circulating 5-mTHFecea (P <
0.001 for all variables).

Table 3 reports the ORs for breast cancer according to
concentration of UMFA. We did not observe an association,
either before or after adjustment for possible confounders.
The adjusted odds ratio for women with concentration
>2.01 nmol/L, as compared with levels below 0.3 nmol/L
(LOD), was 0.90 (95% CI = 0.62-1.32; pyeng = 0.69).

The ORs for breast cancer by circulating levels of 5-
MTHF o eceq are presented in Table 4. A significant trend of
decreasing risk with increasing concentration of 5-
MTHF oeceq Was  observed in  unadjusted analysis
(Pwena = 0.03), though the trend appeared driven largely by
the top quintile (OR =0.65, 95% CI=0.47, 0.92). After
adjustment for risk factors for breast cancer, the association
was slightly attenuated and of borderline significance (OR
for the highest vs. lowest quintile=0.69, 95% Cl=
0.49-0.97; puena = 0.08). When 5-mTHF,yecea Was ana-
lyzed on the continuous scale the adjusted odds ratio
associated with a doubling in 5-mTHF gy ecea Was 0.91
(95% CI=0.81-1.02; pyeng =0.11).

There was no evidence of heterogeneity in the 5S-mTHEF-
breast cancer association when the data were stratified by
estrogen receptor status of the tumor or time between blood
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collection and diagnosis (Table S2). There was also no
evidence of heterogeneity by age, menopausal status at
blood donation, education, alcohol consumption, multi-
vitamin use or smoking status (Table S3). There was mar-
ginal evidence (p=0.06) of heterogeneity by BMI in
premenopausal women, with no association for women of
normal weight but ORs below 1 for overweight and obese
women. However, this relationship was not monotonic,
with the OR associated with a doubling of 5-mTHF . ecteq
of 0.55 (95% CI = 0.35-0.85) in women with BMI between
25 and 30 kg/mz, and an OR of 0.78 (95% CI = 0.42-1.46)
in women with BMI 30 kg/m? or higher.

For the two SNPs investigated, there was no evidence of
departure from Hardy—Weinberg equilibrium, and the gen-
otype frequencies were comparable to those observed in the
1000 genomes project (https://www.ncbi.nlm.nih.gov/varia
tion/tools/1000genomes/). Table 5 shows ORs for breast
cancer according to the DHFR SNPs. There was no asso-
ciation between either SNP and breast cancer risk (for
rs844370: ORgr vs 7 = 0.93 (95% CI=0.74-1.17), ORgg
vs Tr=1.18 (95%CI=0.78-1.79), pyena=0.87; for
rs11742668: ORcricc vs 1= 1.03 (95%CI = 0.73-1.46),
p =0.86). Furthermore, there was also no association
between these SNPs and breast cancer risk when the ana-
lysis was limited to either multivitamin users (Pgeng = 0.36
for rs844370 and 0.67 for rs11742668) or nonusers
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Table 4 Odds ratios and 95% ClIs for breast cancer risk according to quintiles of 5-mTHF g eceq and for a doubling in 5-mTHF g rected-

Quintiles® Continuous
(logZ(S‘mTHFcnnecled))
1 2 3 4 5 ptrend® OR (95% CI)  p value®
Cases/controls 1317212 117/212 99/212 120/212 86/211 553/1059
Unadjusted model 1.00 (ref)  0.88 0.74 0.90 0.65 0.03 0.89 0.04
(0.63, 1.23) (0.53, 1.02) (0.66, 1.24) (0.47, 0.92) (0.79, 0.99)
Adjusted model® 1.00 (ref)  0.86 0.72 0.91 0.69 0.08 0.91 0.11
0.62, 1.21) (0.51, 1.01) (0.66, 1.25) (0.49, 0.97) (0.81, 1.02)

Quintile cut points: 16.80, 23.85, 33.22, and 55.60 nmol/L.

®From conditional logistic regression.

“Adjusted for age at menarche (continuous), age at first full-term pregnancy/parity (ordered: <20, 21-25, 26-30, >30 years or nulliparous), family
history of breast cancer (yes/no), benign breast disease (yes/no), BMI (log,), BMI-menopausal status interaction, and alcohol consumption (0, <1,

>1 drink/day, missing).

Table 5 Odds ratios and 95% CIs for breast cancer risk according to
DHFR SNPs.

DHFR SNP  Cases Controls OR? (95% CI) p trend
rs844370 0.87
TT 268 (53%) 460 (52%) 1.00 (ref)

GT 195 (38%) 368 (41%) 0.93 (0.74, 1.17)

GG 44 (9%) 63 (7%) 1.18 (0.78, 1.79)
rs11742668 0.86
TT 451 (89%) 797 (89%) 1.00 (ref)

CT/CC 58 (11%) 101 (11%) 1.03 (0.73, 1.46)

*From conditional logistic regression, unadjusted model.

(Pirenda = 0.47 for 1s844370 and 0.76 for rs11742668; data
not shown). There was also no association between these
SNPs and folate concentrations: neither the proportion of
women with detectable UMFA in serum, nor the median
concentration of 5-mTHF g eceq, varied significantly by
genotype for either SNP (Table S4).

Discussion

We did not observe an association between serum UMFA
and risk of breast cancer in this prospective study including
cases diagnosed before mandatory FA fortification. We did
observe a suggestive protective effect of 5-mTHF, the
predominant circulating form of folate, on breast cancer
risk. The two SNPs in the DHFR gene that we examined
were not associated with concentrations of UMFA or 5-
MTHF ecieqs OF With risk of breast cancer.

Two prospective epidemiological studies have suggested
that high FA doses may increase breast cancer risk [10, 11],
and it has been hypothesized that this effect could be due to
UMFA. Our results do not support this hypothesis, but are
consistent with the results of a meta-analysis of 13 rando-
mized trials including 50,000 individuals, which observed

no association between FA supplementation and total or
site-specific (including breast) cancer incidence during five
years of treatment [34]. These results are also consistent
with most observational studies that reported on intake of
FA or use of multivitamins, the most common source of FA
in many countries and in the US before fortification was
implemented [12]. The lack of association between serum
UMFA and breast cancer risk we observed is reassuring,
particularly for countries that do not have mandatory for-
tification. Two limitations of our study need to be con-
sidered when interpreting these results. First, UMFA had a
fairly low temporal reliability in our study: the kappa sta-
tistic was 0.38 (95% CI=0.09-0.66), suggesting that a
single blood measurement reflected imperfectly the average
long-term concentration of UMFA in our population. This
could have been due to changes over time in supplement
intake in our participants. Another possible cause of the low
temporal reliability is that blood samples were collected
irrespective of the times since last meal and multivitamin
intake, which are known to be inversely correlated with the
concentrations of UMFA and other folate forms [35]. Low
temporal reliability would be expected to lead to bias
toward the null.

An additional limitation of our study is that the propor-
tion of women with detectable UMFA was fairly small and
thus our study had limited power to detect an association
with breast cancer risk. This result is unlikely due to
degradation of UMFA in storage because, though little is
known regarding the effect of long-term storage, available
data indicate that UMFA is very stable [36]. This result is
also not due to low sensitivity of the assay because the LOD
of the LC-MS/MS method we used was 0.30 nmol/L,
similar to the LOD (0.28 nmol/L) of the LC-MS/MS
method used in the 2011-2012 NHANES study that
reported detectable UMFA in 99.9% of Americans aged 21
year [18]. All blood samples in our study were collected
before 1998, and the low percentage of women with
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detectable UMFA levels reflects the low FA intake in the
US before mandatory food fortification. Though pre-post
fortification changes in UMFA concentrations were not
examined, NHANES data showed that serum folate con-
centrations nearly tripled after mandatory fortification in
1998 [37]. Studies using blood samples collected post-
fortification are needed to assess the association of serum
UMFA with breast cancer risk at levels representative of the
current range of exposure in the US and other countries with
mandatory FA food fortification.

Support for a detrimental role of UMFA in relation to
breast cancer also came from the observation of an
increased risk of breast cancer for women with a 19-bp
deletion in the DHFR gene that was reported to be asso-
ciated with decreased functionality of the enzyme and
higher levels of UMFA [15]. Because we were not able to
genotype this deletion, we examined two tag-SNPs in the
promoter region of this gene. Neither SNP was associated
with breast cancer risk. We also observed no association in
analyses limited to women who used multivitamins, the
main source of FA in our population. It is possible that FA
intake was not high enough in our population to overwhelm
DHEFR activity, or that the genetic variants we captured are
not associated with DHFR function, as their lack of asso-
ciation with concentration of UMFA suggests. The asso-
ciation of the DHFR 19bp deletion with both UMFA
concentration and breast cancer risk deserves further study.
Though a recent large study concluded that this poly-
morphism does not significantly affect circulating folate
status, contrary to [15], this study did not measure UMFA
but only serum and red blood cell folate concentrations [38].
A comprehensive study of the factors, genetic and other,
that affect UMFA concentrations would be of interest, in
light of the fact that almost all individuals living in the US
now have detectable levels of UMFA.

Five prospective studies previously evaluated the rela-
tionship between total folate concentration and breast can-
cer risk. Two studies [39, 40] reported a positive association
in some subgroups, though these differed between the two
studies. Two studies, including the large EPIC study,
reported no association [41, 42]. One study reported a
marginally significant reduced risk of breast cancer for
women in the highest quintile of folate as compared with
the lowest (RR =0.73, 95% CI 0.50-1.07, p-trend = 0.06),
an association which was highly significant for women
consuming at least 15 g/d of alcohol [43]. Our results,
which suggest an inverse association of breast cancer risk
with 5-mTHF, are consistent with the results of this study,
though we did not observe an interaction with alcohol
consumption. Overall, studies to date are inconsistent.
Furthermore, the folate concentrations in all six studies were
much lower than those currently observed in the US
population. This is not surprising since blood samples were
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collected before mandatory fortification in the four studies
conducted in the US and the two other studies were con-
ducted in Europe, where there is no mandatory fortification.
While an extended duration of exposure at these higher
concentrations may be required for an effect on breast
cancer to be observed, prospective studies in the US using
blood samples collected after 1998 should be able to detect
an effect of high concentrations of folate, if such an effect
exists, since 20 years have now elapsed since mandatory
fortification was enacted. Studies in other countries using
mandatory fortification should also be considered.

Strengths of this study include its prospective design and
large sample size. Serum samples collected prospectively,
prior to diagnosis, are necessary to assess the association of
nutritional biomarkers in relation to subsequent breast
cancer risk. In addition to serum samples, the NYUWHS
also collected DNA, thus offering the opportunity to assess
both circulating FA and tag-SNPs involved in its metabo-
lism. To our knowledge, this is also the first study to
examine serum concentrations of UMFA, in addition to 5-
mTHF concentrations, in relation to breast cancer risk.
Finally, we used LC-MS/MS which is the method of choice
to assess individual folate vitamers [44, 45].

Results from this prospective study do not support the
hypothesis that UMFA in the blood is associated with
increased breast cancer risk. These results are reassuring for
countries that do not have mandatory FA fortification of the
food supply. However, much higher circulating concentra-
tions of UMFA are observed currently in the US than we
observed in our study. Furthermore, though the concentra-
tions of folate vitamers other than UMFA have also
increased substantially since 1998, no study to date has
examined the impact of these changes on breast cancer risk.
Because natural folates may have a different effect than FA,
future studies should use methods, such as LC-MS/MS, that
permit measurement of individual vitamers.
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